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SUMMARY
In this work, pattern recognition and characterization of the neuromuscular dy-
namics of driver upper limb during naturalistic driving were studied. During the
human-in-the-loop experiments, two steering tasks, namely, the passive and
active steering tasks, were instructed to be completed by the subjects. Further-
more, subjects manipulated the steering wheel with two distinct postures and six
different hand positions. The neuromuscular dynamics of subjects’ upper limb
were measured using electromyogram signals, and the behavioral data, including
the steering torque and steering angle, were also collected. Based on the exper-
imental data, patterns of muscle activities during naturalistic driving were inves-
tigated. The correlations, amplitudes, and responsiveness of the electromyogram
signals, as well as the smoothness and regularity of the steering torque were dis-
cussed. The results reveal the mechanisms of neuromuscular dynamics of driver
upper limb and provide a theoretical foundation for the design of the future hu-
man-machine interface for automated vehicles.
INTRODUCTION
Since the modern vehicle was first invented in the nineteenth century, the modality and the quality of peo-
ple’s lives have been changed dramatically by road mobility (Smith, 1936). However, although automobiles
have already been massively deployed for over a hundred years, the mechanisms of driver behaviors are
still not fully understood. It is known that human drivers play a critical role during driving in terms of vehicle
safety, ride comfort, and energy efficiency. In recent years, automated vehicles have gained increasing
attention from both academia and the industrial sector (National Highway Traffic Safety Administration;
2017). Automated vehicles are considered a promising alternative to replace human-driven vehicles,
with the aim of reducing casualties, improving traffic efficiency, and lowering human driver workloads (Kyr-
iakidis et al., 2015; Bansal et al., 2016; Lv et al., 2017; Nunes et al., 2018; Xing et al., 2020). Although the
capabilities in highly and even fully automated driving have continuously increased, unresolved problems
still exist due to strong uncertainties and complex driver-vehicle interactions. In this context, one of the crit-
ical issues is to guarantee safe and smooth interactions between automatic functionality and manual
driving (Saleh et al., 2013; Erlien et al., 2015; Eriksson and Stanton, 2017). This challenge requires an in-
depth understanding of driver behavior and the design of human-machine collaboration.
Although some studies about muscle characteristics during vehicle steering have been investigated since
the 1970s, the functions and patterns of people’s muscles during naturalistic driving, and particularly when
interacting with automated driving vehicle, are still unclear, especially from the biomechanical perspective.
Driver neuromuscular studies have dominated the development of the collaborative steering system
design of automated driving vehicles (Hallé and Chaib-draa, 2005; Fuchs et al., 2007; Nguyen et al.,
2017). The neuromuscular dynamics of an upper limb were widely applied to the development of shared
steering systems, haptic take-over systems, steering assistance systems, and driving fatigue detection sys-
tems (Pick and Cole, 2008; Nash and Cole, 2016; Fan et al., 2019). The lateral driver model that used the
queuing network and driver neuromuscular dynamic model significantly improved the vehicle lateral con-
trol performance with high vehicle speed (Bi et al., 2015). The co-contraction features of the muscle activity
supported an optimal control strategy for the muscle reflex system to assist the steering- and path-
following tasks (Pick and Cole, 2006). Furthermore, a neuromuscular model considering co-activation could
be represented as a combination of feedforward control and feedback control (Hoult and Cole, 2008). The
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model could generate feedforward control signals while minimizing the feedback error to the assistant
steering control system. Moreover, the neuromuscular model was also adapted to the increases of reflex
delay, which were efficient in the control of the system stability. In terms of a haptic take-over system,
the driver neuromuscular dynamics differed significantly from the active steering and passive steering,
for which the stiffness coefficient in the passive steering modes was much larger than that in the active
steeringmodes (Lv et al., 2018). The electromyogram (EMG) enabled the neuromuscular analysis to provide
an objective evaluation method for the steering comfort by modeling the relationship between the EMG
signals and the steering comfort rate with an artificial neural network (Liu et al., 2017). Preliminary studies
on the driver workload estimation using EMG signals have suggested that muscle activities depend on the
steering direction (Hayama et al., 2013). The anterior deltoid, pectoralis clavicular, and infraspinatus of the
right arm are responsible for the counterclockwise steering, whereas the triceps long head muscle is the
agonist for the clockwise steering for the single right arm steering posture. Moreover, with the driving
posture using both hands, the muscles from the right and left limbs also respond differently to the steering
direction. These preliminary studies have shown that the driver neuromuscular dynamics play a critical role
in the future design of intelligent vehicles and the corresponding interaction system. However, one of the
limitations of these findings is the lack of comprehensive analysis by integrating both the correlation anal-
ysis results and the observed muscle amplitudes, which is an important cue for muscle importance analysis.
The analysis of the neuromuscular dynamics of an upper limb is also critical to the development of the
shared control and collaborative driving mode for automated driving vehicles (Abbink et al., 2011a,
2011b). The knowledge of the muscle activities and responses to the control signals from a machine en-
ables the machine to understand intentions, capabilities, and stabilities with human steering behavior. Ex-
isting studies mainly focus on the modeling of lateral control systems such as the lane departure assistant
and lane-keeping assistant systems by integrating neuromuscular dynamics such as co-contraction into
consideration (Pick and Cole, 2007; Abbink et al., 2011a, 2011b). However, it is not clear how the neuromus-
cular dynamics are influenced by the steering task and how the neuromuscular behaviors determine and
dominate the steering input. It is essential to answer these questions and to study the mechanisms of
neuromuscular dynamics during different steering tasks so that an efficient collaborative driving system
can be developed for next-generation automated vehicles.
Considering these challenges, in this work, driver neuromuscular dynamics were studied with consideration
of different driving postures and steering objectives. Specifically, we analyzed the different muscle re-
sponses to two different steering tasks, namely, the active steering and passive steering. The basic posture
of an example participant is shown in Figure S1. The active steering required the drivers to steer the wheel
independently and to follow the pre-defined target object. However, the drivers needed to hold the steer-
ing wheel steadily to overcome the disturbance steering torque from the machine actuator in the passive
steering mode. Moreover, three hand positions and their influences on the neuromuscular dynamics and
steering performance were designed. Experiments were conducted in a driving simulator. A total of 42 par-
ticipants were involved in the experiment. The testing scenarios are shown in Figure 1. Detailed specifica-
tions of the measured signals can be found in Tables S1 and S2. In summary, the following four basic but
critical aspects of this study were investigated in this study.
1) A correlation analysis between the EMG signals and the steering torque was performed with consid-
eration of the steering directions, steering objectives, and steering postures.
2) The amplitude analysis of the EMG signals was performed to evaluate the steering effort. A larger
amplitude indicates a more significant response of an EMG signal to the steering task. Besides,
different steering scenarios were considered. Moreover, a comprehensive analysis that integrates
the results of correlation and amplitude was conducted to explore the keymuscles during naturalistic
driving.
3) We studied the time delay characteristics between the EMG signals and steering toque based on the
cross-correlation analysis, which contributed to the development of the steering torque prediction
system based on the neuromuscular dynamics.
4) We analyzed the impact of the steering postures on the driving performance. The driving and steer-
ing performance was characterized by the smoothness and regularity of the steering torque. The








In this work, the patterns of the correlation between the upper limb neuromuscular dynamics of humans and the
output steering torque were studied, as well as human performance during normal driving tasks. Driving experi-
ments for active and passive steering maneuvers using both-arm and single-arm arrangements with the different
hand gripping positions were conducted and analyzed. The following four aspects, namely, (1) the correlation be-
tween the EMG signals measured from the drivers’ upper limbs and the steering torques, (2) the quantitative eval-
uationof the strengthand importanceof theEMGsignals fordifferentdrivingmodes, (3) the timedelayof the steer-
ing torque after the generation of the EMG signals, and (4) the performance and smoothness of human drivers
during the various steering experimentswere investigated. In the single-arm steering scenarios, 10different neuro-
muscular signals denoted asMS1–MS10weremeasured from the right upper limb. These 10 signals were the pec-
toralismajor of clavicular portion, the deltoid anterior, the deltoidmiddle (lateral), the deltoid posterior, the triceps
long head, the triceps lateral head exterior, the infraspinatus, the biceps, the pectoralis major, and the teresmajor.
For the steering experiments with the both-arm arrangement, 10 EMG signals, denoted as MB1–MB10, were de-
tected fromboth the right and left upper limbs. Theywere thepectoralismajor of the clavicular portion, thedeltoid
anterior, the deltoid posterior, the triceps long head, and the teresmajor of the right arm and the left arm. In total,
there were 42 participants in the experiments. Among these participants, 20 were randomly assigned to conduct
thesingle-armexperiments, and the restof the22participantswereengaged in theboth-armsteeringexperiments.
Thedetailedexperimental results aredescribedas follows. The values arepresented in the formof themeanG SD.
Correlation between the EMG Signals and the Steering Torque
The correlation between the EMG signals and the steering torque was analyzed for the both-arm and sin-
gle-arm driving experiments with respect to different hand gripping positions. The motivation for this
Figure 1. Experimental Setup
(A) The experimental platform used in this study was a human-in-the-loop driving simulator.
(B) View from inside the driving simulator. Key components used in the experiment mainly include the EMG sensors, the
steering wheel, and the torque and angle sensor.
(C), Illustration of the six distinct hand positions. As shown in the subplots of (1), (2), and (3), the driver operates the
steering wheel with both arms. The three gripping positions are the 3 o’clock position (denoted as 0300), 10:10 position
(denoted as 1010), and 12 o’clock position (denoted as 1200), respectively. Also, as shown in the subplots (4), (5), and (6),
the driver operates the steering wheel using the right arm only, and the left hand is held away from the steering wheel. The
three gripping positions are the 3 o’clock position (denoted as 0300), 1:30 position (denoted as 0130), and 12 o’clock
position (denoted as 1200), respectively.
(D) EMG measurement regions on the right arm.
(E) EMG measurement regions on the right arm.
(F) The scenario of the active steering task.
(G) The scenario of the passive steering task.
See also Figure S1, Tables S1 and S2.
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analysis was the determination of which muscular signals were significantly relevant to the steering tasks
under different conditions. The results of the cross-correlation analysis for the both-arm and single-arm
steering scenarios are shown in Figure 2. Based on the results, it could be found that different muscles ex-
hibited different correlations to the steering tasks (active/passive steering). In addition, the different mus-
cles were sensitive to the steering directions (counterclockwise/clockwise), hand gripping positions, and
the number of arms that were used to control the steering wheel (single-arm or both-arm). Key results
are reported as follows, and detailed statistics can be found in Tables S3–S10.
The top two rows in Figure 2 show the cross-correlation results for the both-arm steering experiments. Spe-
cifically, for the both-arm experiments with the active steering mode, the correlation of the 10 selected
muscles with respect to different hand positions and steering directions showed consistent patterns.
Figure 2. The Results of the Cross-correlation between Different EMG Signals Were Measured from the Upper Limb and the Steering Torque
Signal
The cross-correlation results were sensitive to the steering directions. The red boxplots indicate the correlations between the neuromuscular signals and the
corresponding steering torque with the clockwise direction, whereas the light blue boxplots indicate the results of the steering torque in the
counterclockwise direction.
(A) The cross-correlation results of both-arm experiments under active steering with hand position of 3 o’clock.
(B) The results of both-arm, active steering with hand position of 10:10.
(C) The results of both-arm, active steering with hand position of 12 o’clock.
(D) The results of both-arm, passive steering with hand position of 3 o’clock.
(E) The results of both-arm, passive steering with hand position of 10:10.
(F) The results of both-arm, passive steering with hand position of 12 o’clock.
(G) The cross-correlation results of single-arm experiments under active steering with hand position of 3 o’clock.
(H) The results of single-arm, active steering with hand position of 1:30.
(I) The results of single-arm, active steering with hand position of 12 o’clock.
(J) The results of single-arm, passive steering with hand position of 3 o’clock.
(K) The results of single-arm, passive steering with hand position of 1:30.
(L) The results of single-arm, passive steering with hand position of 12 o’clock.
See also Tables S3–S10.
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The correlation values of the MB1, MB2, MB6, and MB7 were all larger than 0.75, showing a strong corre-
lation to the corresponding steering activities with hand positions of 3 o’clock and 10:10 o’clock. Similar
patterns could be found in the 12 o’clock scenarios, while one outlier was that the MB2 on the right arm
was not strongly correlated with the driving activities in both the clockwise (0.683 G 0.143) and counter-
clockwise (0.654 G 0.139) directions.
However, for the steering experiments with the single-arm (the right arm) arrangement, the observed pat-
terns of the cross-correlation results were different for the three different hand positions, as shown in the
bottom two rows in Figure 2. Specifically, for the scenario of active steering with the 3 o’clock hand position,
six muscles, namely, the MS1, MS2, MS3, MS5, MS7, and MS10, showed strong correlations (correlation
larger than 0.75) to the steering in both the clockwise and counterclockwise directions. The first three mus-
cles showed higher correlations. The MS1 achieved the correlation values of 0.815 G 0.054 and 0.878 G
0.050 in both the clockwise and counterclockwise directions, respectively. High values of correlation could
also be observed from the results of MS2 and MS3. For the single-arm experiments with the hand position
of 1:30 o’clock, similar patterns could be observed, although the results of MS3 showed some exceptional
phenomena. In addition, in the 1:30 o’clock scenarios, the MS9 generated the values at 0.821 G 0.071 and
0.865 G 0.070 in the clockwise and the counterclockwise directions, indicating strong correlations to the
steering tasks. Last, with the hand position of 12 o’clock, three muscles, namely, MS1, MS4, and MS9, re-
vealed consistently strong correlations to the steering maneuvers. However, the overall patterns of the cor-
relation pattern for the 12 o’clock hand position were quite different from the other two cases with the 3
o’clock and 1:30 o’clock hand positions.
In the comparisonof the results of the two steering tasks, i.e., the active steering andpassive steering, an obvious
difference was the directional dependence. For the active steering experiments, no significant difference
regarding clockwise and counterclockwise directions could be observed (p > 0.05). However, for the passive
steering experiments, significant differences of the correlations were observed with consideration of steering di-
rections. For example, in the both-arm passive steering experiments with the hand positions, the correlation
values of MB1 and MB2 were 0.766 G 0.126 and 0.840 G 0.082 for the hand position of 3 o’clock and
0.779G 0.096 and 0.865G 0.071 for the 10:10 o’clock hand position, indicating strong correlations to the coun-
terclockwise direction. The muscle activities showed weak correlations to the clockwise direction, reflected by
the correlation values of MB1 and MB2 being at 0.373 G 0.113 and 0.264 G 0.099 for the 3 o’clock position,
and 0.354G 0.124 and 0.260G 0.104 for the 10:10 o’clock position. Similar directional-dependent results could
also be found in the correlation results of MB1, MB2, MB3, MB6, and MB7.
Amplitude Analysis of the EMG Signals
This section describes how the amplitude of the EMG signals for different participants was analyzed under
each testing scenario. The direction-dependent amplitudes of the EMG signals were statistically analyzed,
as illustrated in Figure 3. In general, based on the results, it could be found that for experiments with both
single-arm and both-arm arrangements, the pectoralis major of the clavicular portion and the deltoid ante-
rior muscles generated significantly higher responses than the other muscles in terms of the amplitude
value. In addition, the amplitude statistics of the EMG signals without consideration of the steering direc-
tions are reported in Figure S2. Key results are reported as follows, and detailed statistics can be found in
Tables S11–S16 in the supplemental file.
As shown in Figure 3, in the steering experiments with a single right arm in the counterclockwise direction,
the amplitudes of the EMG signals were significantly larger than those in the clockwise steering experi-
ments, for both the active and passive steering cases. Moreover, the MS1, i.e., the pectoralis major, and
the MS2, the deltoid anterior, of the right arm generated significant larger amplitudes than the other
EMG signals did. In contrast, for the both-arm driving experiments with both active and passive steering
modes, a consistent pattern for the amplitudes of the EMG signals could be found. We observed that
the pectoralis major and the deltoid anterior of the left and right arms had a different response to the steer-
ing maneuvers in terms of the correlation values. Specifically, the MB1 and MB2, i.e., the pectoralis major
and the deltoid anterior of the right arm, showed significant responses to the counterclockwise steering
activities with the hand positions of 3 o’clock and 10:10 o’clock for both active and passive steering. How-
ever, the corresponding muscles MB6 and MB7, i.e., the pectoralis major and the deltoid anterior on the
left arm, were more relevant to the clockwise steering maneuvers. In addition, it was interesting to see
that the amplitudes of MB6 and MB7 during counterclockwise steering were larger than those in the
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clockwise direction. This was opposite to the patterns of theMB1 andMB2mentioned above. However, it is
also interesting to see that such opposite patterns were not observed with the hand positions of 12 o’clock.
Next, the contribution ratio of each muscle to the corresponding steering activity was further analyzed
based on the integration of the correlation and the amplitude of each EMG signal in each direction (for
the detailed computation method, refer to the section Amplitude Analysis in the Transparent Methods).
The overall contribution statistics are numerically described and visualized in Figure 4. For the both-arm
experiments based on the contribution analysis of the data with both active and passive steering, patterns
that were consistent with the correlation analysis could be found. It was shown that MB1, MB2, MB6, and
MB7 for the left and right arms played the most important roles with the both-arm driving condition.
Although some muscles such as the MB3 andMB5 showed a strong correlation to the steering torque, their
amplitudes and the overall contributions were not large enough to be viewed as important muscles. Similar
Figure 3. Directional-Oriented Amplitude Statistics for Different Driving Modes with Respect to the Clockwise and Counterclockwise Steering
Directions
The orange boxes exhibit the amplitude statistics for the clockwise steering, and the light blue boxes show the statistics with respect to the counterclockwise
steering.
(A) The cross-correlation results of both-arm, active steering with hand position of 3 o’clock.
(B) The results of both-arm, active steering with hand position of 10:10.
(C) The results of both-arm, active steering with hand position of 12 o’clock.
(D) The results of both-arm, passive steering with hand position of 3 o’clock.
(E) The results of both-arm, passive steering with hand position of 10:10.
(F) The results of both-arm, passive steering with hand position of 12 o’clock.
(G) The cross-correlation results of single-arm, active steering with hand position of 3 o’clock.
(H) The results of single-arm, active steering with hand position of 1:30.
(I) The results of single-arm, active steering with hand position of 12 o’clock.
(J) The results of single-arm, passive steering with hand position of 3 o’clock.
(K) The results of single-arm, passive steering with hand position of 1:30.
(L) The results of single-arm, passive steering with hand position of 12 o’clock.
See also Figure S2, Tables S11–S16.
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results could be found in the single-arm steering mode. Specifically, the MS1 and MS2 were the two most
important muscles in both the active and passive steeringmaneuvers. Moreover, according to the statistics,
most of the contribution ratios of the measured EMG signals had median values within 0.05 and 0.15.
Detailed statistical analysis can be found in Tables S17–S20 in the supplemental file.
Time Delay between the EMG Signals and the Steering Torque
The time delay between the neuromuscular signals and the generated steering torque signal was analyzed
in this part. Specifically, the four key muscles (MB1, MB2, MB3, and MB4) for the both-arm steering mode
and the two key muscles (MS1 and MS2) for the single-arm steering mode were selected for the analysis.
The time delay with the maximum absolute correlation could be measured when the two signals were
best aligned. A negative value for the time delay indicated that the activity of the specific muscle led to
Figure 4. Overall Muscle Contribution Statistics for Different Driving Modes
The orange boxes exhibit the contribution statistics for the both-arm drivingmode, and the light blue boxes show the statistics with respect to the single-arm
driving mode.
(A) The cross-correlation results of both-arm, active steering with hand position of 3 o’clock.
(B) The results of both-arm, active steering with hand position of 10:10.
(C) The results of both-arm, active steering with hand position of 12 o’clock.
(D) The results of both-arm, passive steering with hand position of 3 o’clock.
(E) The results of both-arm, passive steering with hand position of 10:10.
(F) The results of both-arm, passive steering with hand position of 12 o’clock.
(G) The cross-correlation results of single-arm, active steering with hand position of 3 o’clock.
(H) The results of single-arm, active steering with hand position of 1:30.
(I) The results of single-arm, active steering with hand position of 12 o’clock.
(J) The results of single-arm, passive steering with hand position of 3 o’clock.
(K) The results of single-arm, passive steering with hand position of 1:30.
(L) The results of single-arm, passive steering with hand position of 12 o’clock.
See also Tables S17–S20.
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the generation of the steering torque. If the time delay was positive, then the muscle signal lagged behind
the steering torque due to the co-contraction mechanism of the muscles. Key results are reported as fol-
lows, and detailed statistics can be found in Tables S21–S24.
The statistical results of the time delay between the neuromuscular signals and the steering torque consid-
ering different steering tasks and hand positions are shown in Figure 5. Based on the results, for the both-
arm active steering cases, it could be found that different hand positions could lead to different patterns of
the time delay. For the both-arm active steering scenario, the muscle signals of the MB1, MB2, MB6, and
MB7 of the both-arm arrangement showed significant lags compared with the steering torque with the
three hand positions. Among the four muscles, the MB2 generated the largest time delays with the three
hand positions, which were335G 97 ms,412G 95 ms, and424G 221 ms. Considering the three hand
Figure 5. Statistics of the time delay between neuromuscular signals and the steering torque considering the four driving modes and the three
hand positions.
(A) The cross-correlation results of both-arm, active steering with hand position of 3 o’clock.
(B) The results of both-arm, active steering with hand position of 10:10.
(C) The results of both-arm, active steering with hand position of 12 o’clock.
(D) The results of both-arm, passive steering with hand position of 3 o’clock.
(E) The results of both-arm, passive steering with hand position of 10:10.
(F) The results of both-arm, passive steering with hand position of 12 o’clock.
(G) The cross-correlation results of single-arm, active steering with hand position of 3 o’clock.
(H) The results of single-arm, active steering with hand position of 1:30.
(I) The results of single-arm, active steering with hand position of 12 o’clock.
(J) The results of single-arm, passive steering with hand position of 3 o’clock.
(K) The results of single-arm, passive steering with hand position of 1:30.
(L) The results of single-arm, passive steering with hand position of 12 o’clock.
See also Tables S21–S24.
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positions for the both-arm active driving mode, the 10:10 o’clock hand position could lead to the largest
mean time delay (311G 105 ms) compared with the other two positions (273G 102 ms for the 3 o’clock
and 276 G 170 ms for the 12 o’clock position). For the both-arm passive steering scenario, the four key
muscles showed significant time delay to the steering torque when the hands were put in the 3 o’clock
and 10:10 o’clock positions. For the 12 o’clock hand position, the muscle activity of MB1 showed a small
relevant delay to the steering torque. In addition, both the MB2 and MB7 muscles showed positive delay
(15 G 457 ms and 62 G 429 ms) to the steering torque. As illustrated in Figure 5, for the single-arm active
steering, both the two key muscles, i.e., MS1 and MS2, showed a negative time delay to the torque signal.
The 12 o’clock hand position resulted in the largest time delay among the three hand positions. An average
value of the time delay of MS1 at 350G 158 ms among all the participants was observed, and an average
value of 470 G 121 ms was detected as the time delay of MS2 at that moment. For the single-arm passive
steering scenario, MS1 showed a small negative time delay at 5 G 386 ms with the hand position of 3
o’clock, whereas MS2 generated the largest time delay of 371 G 177 ms.
Smoothness Analysis of the Steering Activity
The steering smoothness, which was a key performance factor for driving, was analyzed using the steering
torque signal. Two different approaches, namely, approximate entropy and the sliding standard deviation
(SSD) test, were applied to evaluate the smoothness. Key results are reported as follows, and detailed sta-
tistics can be found in Tables S25–S32.
As shown inFigure 6, similar resultswere obtainedwith these two approaches. For the single-armactive steering,
at the 1:30 o’clock position, the smoothest results were generated as 0.0084G 0.0014 by the approximate en-
tropy method and 0.0219G 0.0027 by the SSD test approach. The worst smoothness performance was gener-
atedwith the hand on the 12 o’clock position, and the results were 0.0090G 0.0016 when using the approximate
entropymethod and 0.0224G 0.0027with the sliding SSD test. For the single-armpassive steering, the statistical
results that were obtained based on the approximate entropy were similar to the regularity measurements at 3
o’clock and 1:30 o’clock positions. According to the sliding SSD test results, the 1:30 o’clock position led to a
smoother control performance than the 3 o’clock position. In terms of the both-arm active steering, the two al-
gorithms showed consistent results in that the performance at the 3 o’clock position was slightly smoother than
that at the 10:10 o’clock position. The smoothness and regularity measurement using the approximate entropy
method generated the results of 0.0087 G 0.0012 for the 3 o’clock position and 0.0086 G 0.0009 for the 1:30
o’clock position. Similarly, the SSD test-based approach generated the result of 0.0210G 0.0035 for the 3 o’clock
position and 0.0213G 0.0026 for the 10:10 o’clock position. Then for both-arm passive steering, the hand po-
sition of 10:10 led to a slightly smoother performance than the 3 o’clock position. Last, it was interesting to see
that for both single-arm and both-arm steering, the 12 o’clock position led to the worst performance in terms of
the steering smoothness.
DISCUSSION
For the both-arm steering experiments, based on the correlation analysis, it could be found that in the active
mode, the muscle correlation patterns at the 3 o’clock and 10:10 o’clock hand positions were similar. The activ-
ities of the pectoralis major of the clavicular portion and the deltoid anterior muscles, i.e., MB1, MB2, MB6, and
MB7, showed strong correlations to the steering behavior in both the clockwise and counterclockwise directions.
A steering direction-dependent result was observed in the passive steering experiments. Specifically, the left
pectoralis major of the clavicular portion and the deltoid anterior muscles, i.e., MB6 and MB7, were strongly
correlatedwith the active steering in the clockwise direction. The right pectoralismajor anddeltoid anteriormus-
cles, i.e., MB1 andMB2, were strongly correlated with the active steering in the counterclockwise direction. The
steering activities at the 12 o’clock position generated different patterns compared with the others. The right
deltoid anterior muscle, i.e., MB2, did not show a strong correlation to the active steering that was shown in
the 3 o’clock and 10:10 o’clock cases. Based on the both-arm experiment results, it could be found that themus-
cle correlations had consistent patterns for both the active and passive steering maneuvers. The limb muscles
played different roles in the steering activities for different hands positions. The correlation analysis for hands
on the 3 o’clock and 10:10 o’clock positions led to similar results, which indicated that the two distinct hand po-
sitions required a similar pattern of neuromuscular responses. However, the 12 o’clock positions showed a signif-
icantly different pattern to the other two postures. Similar results can be drawn from other parts of this study,
which showed that the 12 o’clock position was quite different from the other two positions, whereas for the 3
o’clock and 10:10 o’clock positions, the neuromuscular dynamics of the upper limb muscles were similar due
to the similar driving postures.
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For the single-arm experiments, in the active steering mode, different correlation results were observed
with the three different hand positions. Specifically, at the 3 o’clock position, the first threemuscles showed
significantly larger correlations than the others did. However, the correlation distributions became com-
plex for the other two positions. For the 1:30 o’clock position, despite the first three muscles, the muscles
MS5, MS9, and MS10 also showed strong correlations to the steering torque output. Last, for the tests with
the hand position of 12 o’clock, only the MS1, MS4, and MS9 muscles showed strong correlations to the
steering torque. Based on the aforementioned results mentioned, it could be concluded that single-arm
active steering was very sensitive to the hand positions. Different hand positions during steering activities
led to different patterns of muscle responses. The correlation distributions of the single-arm arrangement
for passive steering were also direction dependent, which was similar to the patterns of the both-arm pas-
sive steering scenarios. The first three key muscles showed strong correlations to the steering in the coun-
terclockwise direction, whereas the resultant correlations during steering in the clockwise direction with the
hand positions of 3 o’clock and 1:30 o’clock were very small. For the 12 o’clock position, the top three key
muscles, i.e., MS1, MS2, and MS4, also showed significantly high correlations to the steering in counter-
clockwise direction but low relations to the clockwise steering.
Based on the experiment results of the both-arm and single-arm steering, it could be found that the cor-
relation patterns of the neuromuscular dynamics were consistent in different directions when performing
active steering. However, the correlation patterns became direction sensitive when performing passive
steering. Among all the measured muscles, according to the amplitude and contribution analysis, the
Figure 6. Statistical results for the steering smoothness evaluation with the steering torque signal
Two different smoothness evaluation methods were applied: the sliding standard deviation (SSD) test and the approximate entropy test. The SSD tests for
the different driving modes and hand positions are illustrated in the first row with red boxes. The approximate entropy test results are shown in the bottom
row with blue boxes.
(A) The results of single-arm, active steering under the SSD test.
(B) The results of both-arm, active steering under the SSD test.
(C) The results of single-arm, passive steering under the SSD test.
(D) The results of both-arm, passive steering under the SSD test.
(E) The results of single-arm, active steering under the approximate entropy test.
(F) The results of both-arm, active steering under the approximate entropy test.
(G) The results of single-arm, passive steering under the approximate entropy test.
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pectoralis major of the clavicular portion and the deltoid anterior were the two most important muscles for
steeringmaneuvers. According to the amplitude analysis, the patterns were different for different hand po-
sitions when the drivers performed active steering with the single-arm arrangement. Specifically, the hand
position of 3 o’clock led to the largest values in terms of amplitude, whereas at the 12 o’clock position, the
amplitudes reached their lowest values. Based on this observation, when performing single-arm active
steering, the 12 o’clock position was a more energy-efficient position compared with the other position.
Although the results of the passive steering for the 1:30 o’clock hand position showed an inverse trend,
there was no significant difference among the three hand positions. For both-arm steering, the lowest
average amplitude was found when both hands were in the 10:10 o’clock position. However, there was
also no significant difference between these positions in both active and passive steering. In summary,
when performing active steering, the most energy-efficient manner that led to the lowest average value
of the amplitude was the type of single-arm steering with the 12 o’clock hand position. For active steering
using both arms, the most energy-efficient hand position was the 10:10 o’clock position.
According to the time delay analysis, it was found that different muscles showed significantly different delays to
the steering torque. In particular, during both-arm active steering, the right pectoralis major of the clavicular
portion (MB1), the right deltoid anterior muscle (MB2), the left pectoralis major of the clavicular portion
(MB6), and the left deltoid anterior muscle (MB7) showed consistent patterns of a significantly negative time
delay to the steering torque. This indicated that the activations of thesemuscles caused the variation of the steer-
ing torque. For the both-arm passive steering experiments, the right deltoid anterior muscle (MB2) and the left
deltoid anterior muscle (MB7) showed positive time delay to the steering torque at the 12 o’clock position. For
the single-arm active steering, the right pectoralis major of the clavicular portion (MS1) and the deltoid anterior
muscle (MS2) showed consistent patterns of a negative time delay to the steering torque at any hand position.
Among all the testing cases, single-arm active steering with a hand position of 12 o’clock led to the largest time
delay for the steering torque left after the neuromuscular signals.
In addition, based on the analysis of the smoothness of the driving performance, it was observed that when
performing a single-arm active steering maneuver, for the 1:30 o’clock hand position, a smoother steering
performance could be generated compared with the results at other two positions. When performing both-
arm active steering, a smoother performance could be achieved at the 3 o’clock position. There was no sig-
nificant difference found between the 3 o’clock and the 1:30 o’clock (in the single-arm case) positions or the
10:10 o’clock position (in the both-arm case) when performing passive steering. For either the both-arm or
the single-arm driving modes, the 12 o’clock position always generated the worst control performance
among the three positions in terms of smoothness. Although the single-arm active steering with the
hand at the 12 o’clock position could generate the lowest average value of neuromuscular amplitudes, it
also led to a larger variation and unstable steering performance compared with the other two postures.
Finally, although the mean values of the smooth metrics for the both-arm steering were smaller than those
for the single-arm steering, there was no significant difference between the two steering modes. Consid-
ering the aforementioned observations in the smoothness analysis, to ensure smooth, stable, and efficient
driving, it was recommended to perform steering control using a single arm in the 1:30 o’clock position or
using both hands in the 3 o’clock and 10:10 o’clock positions.
Limitations of the Study
Twomain limitations of this study are as follows. First, the driving environment and driving tasks in the study
were simulated, which were not exactly the same as those in the real-world driving scenarios. The designed
driving tasks for the participants may not fully reflect the naturalistic driving behaviors, especially under crit-
ical and emergency driving situations. Second, the participants involved in this study were all young male
drivers, and their neuromuscular dynamics can be different from elderly and female drivers. Therefore,
future works can be carried out from the following two aspects: more participants with diverse ages,
gender, and driving habits can be recruited to do the test and real vehicle experiments with driver EMG
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Figure S1. The requirement of the basic posture of a test subject during experiments. Related to 
Figure 1. The participants are required to seat in the simulator and steer the wheel as usual. At beginning 
of test, the test participants must hold the steering wheel at 3 o’ clock position with the right hand. The test 
participants’ arm is slightly bent at the elbow where the forearm and upper arm form an angle about 100-
110deg. And the steering wheel is raked so that a projected line along the steering axis is parallel to a line 
through the shoulder and wrist joint. During passive test or fixed steering wheel test, participants posture 
should be kept constant as the initial posture. During active steering test, participants should steer mostly 





Figure S2. Overall amplitude statistics of the participants regarding the four driving modes and 
three kinds of hand positions. Related to Figure 3. The summations of ten EMG signals are first 
calculated for each participant. Then, the statistics of the overall amplitude for each hand position of the 
driving mode are determined accordingly. The upper two boxplots are statistic results for the single-arm 
active and passive mode, while the bottom two boxplots are statistic results for the both-arm active and 
passive mode, respectively. Based on the single-arm experiment, it can be found that the single-arm active 
steering with the 3-clock position generates the largest overall amplitude of the ten muscles (0.242±0.092 
mv) while the single-arm active steering with hand on the 12-clock position shows the lowest overall 
amplitude (0.142±0.044 mv). Although the single-arm active steering with the 3-clock position shows the 
largest muscle amplitude, the corresponding passive steering mode generates the lowest overall amplitude 
among the three modes (0.121±0.038 mv). At this moment, the single passive steering with hand on 130-
clock position leads to the highest amplitude (0.136±0.043). Regarding both-arm active steering maneuver, 
although the test with hands on the 3-clock position generates the largest overall amplitude (0.217±0.076), 
there is no significant difference exists between the three positions. A similar trend can be found in the 
both-arm passive steering mode, where the mean amplitude of all the participants is 0.117±0.034 with 
hands on the 3-clock position, 0.117±0.045 with hands on the 10-10-clock position, and 0.126±0.037 with 
hands on the 12-clock position. 
  
Supplemental Tables  
 
Signals measurement and sensors in the experiments 
Table S1. EMG signals measurement and sensors requirements in the tests. Related to Figure 1. 
Signals measurement includes EMG signals, steering angle, steering torque. Sensors include: 
electromyograph, steering torque and angle sensor. 
Detected muscles Sensitivity/Max/Sample frequency/ Unit 
Pectoralis Major of Clavicular portion 0.5mV/5mV/1000Hz/mV 
Anterior Deltoid 0.5mV/5mV/1000Hz/mV 
Middle Deltoid 0.5mV/5mV/1000Hz/mV 
Posterior Deltoid 0.5mV/5mV/1000Hz/mV 
Triceps Long head 0.5mV/5mV/1000Hz/mV 
Triceps Lateral head Exterior 0.5mV/5mV/1000Hz/mV 
Infraspinatus 0.5mV/5mV/1000Hz/mV 
Biceps 0.5mV/5mV/1000Hz/mV 
Pectoralis Major of Sternal portion 0.5mV/5mV/1000Hz/mV 
Teres Major 0.5mV/5mV/1000Hz/mV 
 
Table S2. Torque and angle measurement and sensors requirements. Related to Figure 1. 
Detected signals Sensitivity/Max/Sample frequency/ Unit 
Steering torque 4/20/1000Hz/N·m 




Table S3. Cross-correlation statistics for the both-arm clockwise active steering. Related to Figure 
2. Related to Figure 2. 
Positive Metric PM R DA R DP R TLH R TM R PM L DA L DP L TLH L TM L 
0300 Mean 0.7610 0.8574 0.6204 0.6124 0.7076 0.8195 0.8764 0.6448 0.6144 0.6869 
SD 0.0874 0.0642 0.0535 0.0774 0.0905 0.0682 0.0950 0.0958 0.0542 0.0947 
1010  Mean 0.8027 0.8377 0.6216 0.6452 0.7583 0.8273 0.8459 0.6450 0.6428 0.7301 
SD 0.0678 0.0604 0.0442 0.0583 0.1121 0.0675 0.0755 0.0931 0.0572 0.0857 
1200 Mean 0.8335 0.6813 0.6709 0.6658 0.7541 0.8158 0.8024 0.6810 0.6569 0.6866 
SD 0.0749 0.1426 0.0792 0.0728 0.0867 0.0715 0.0847 0.0597 0.0917 0.0709 
 
Table S4. Cross-correlation statistics for the both-arm counterclockwise active steering. Related to 
Figure 2. 
Negative Metric PM R DA R DP R TLH R TM R PM L DA L DP L TLH L TM L 
0300 Mean 0.7660 0.8733 0.5996 0.5890 0.6838 0.7775 0.8382 0.6053 0.5847 0.6581 
SD 0.1036 0.0523 0.0621 0.0796 0.0897 0.0655 0.0874 0.1047 0.0549 0.1006 
1010  Mean 0.7971 0.8265 0.5844 0.6063 0.7301 0.7900 0.8036 0.6028 0.6044 0.7100 
SD 0.0804 0.0647 0.0526 0.0718 0.1136 0.0617 0.0740 0.0975 0.0597 0.1020 
1200 Mean 0.8348 0.6537 0.6463 0.6377 0.7387 0.8226 0.8147 0.6558 0.6365 0.6624 
SD 0.0804 0.1395 0.0765 0.0843 0.0878 0.0866 0.0888 0.0787 0.0989 0.0681 
 
Table S5. Cross-correlation statistics for the both-arm clockwise passive steering. Related to Figure 
2. 
Positive Metric PM R DA R DP R TLH R TM R PM L DA L DP L TLH L TM L 
0300 Mean 0.3732 0.2636 0.5660 0.6173 0.5863 0.8098 0.8523 0.6680 0.5946 0.6480 
SD 0.1134 0.0994 0.0270 0.0423 0.0640 0.0767 0.0818 0.0718 0.0566 0.0930 
1010  Mean 0.3537 0.2600 0.6053 0.6322 0.6285 0.7953 0.8431 0.5986 0.5751 0.5940 
SD 0.1235 0.1035 0.0900 0.1069 0.1317 0.1225 0.0832 0.1183 0.0625 0.1409 
1200 Mean 0.2362 0.3157 0.7429 0.6639 0.6344 0.3754 0.4842 0.6665 0.5952 0.6338 
SD 0.0886 0.1289 0.1129 0.0883 0.0486 0.1095 0.1412 0.0663 0.0095 0.0773 
 
Table S6. Cross-correlation statistics for the both-arm counterclockwise passive steering. Related 
to Figure 2. 
Negative Metric PM R DA R DP R TLH R TM R PM L DA L DP L TLH L TM L 
0300 Mean 0.7791 0.8648 0.6373 0.5814 0.6412 0.3503 0.2797 0.5245 0.5943 0.5678 
SD 0.0962 0.0706 0.0403 0.0289 0.0583 0.1074 0.1140 0.0986 0.0623 0.0920 
1010  Mean 0.7660 0.8399 0.5778 0.5491 0.5860 0.3494 0.2579 0.5747 0.6250 0.6085 
SD 0.1261 0.0819 0.0854 0.0797 0.1255 0.1274 0.1080 0.1534 0.0652 0.1287 
1200 Mean 0.8654 0.7786 0.4775 0.5472 0.5655 0.7814 0.7065 0.5339 0.5957 0.5601 
SD 0.0514 0.0901 0.1178 0.0791 0.0476 0.0739 0.1275 0.0682 0.0132 0.0580 
 
Table S7. Cross-correlation statistics for the single-arm clockwise active steering. Related to Figure 
2. 
Positive Metric PM R DA R DM R DP R TLH R TLH R BS R INFS R PM R TM R 
0300  Mean 0.8146 0.8560 0.8292 0.6710 0.7707 0.6898 0.7727 0.7216 0.7444 0.7569 
SD 0.0539 0.0294 0.0622 0.0698 0.1056 0.0606 0.0768 0.0514 0.0941 0.1130 
0130  Mean 0.8665 0.7715 0.6985 0.6461 0.7756 0.6563 0.6111 0.7254 0.8214 0.7992 
SD 0.0548 0.0653 0.0751 0.0737 0.1135 0.0866 0.0721 0.0984 0.0706 0.1154 
1200  Mean 0.7597 0.5699 0.5473 0.7726 0.6971 0.6063 0.5769 0.6251 0.7941 0.6989 
SD 0.2023 0.1735 0.1842 0.2163 0.1966 0.1648 0.1669 0.1845 0.2079 0.1861 
 
Table S8. Cross-correlation statistics for the single-arm counterclockwise active steering. Related 
to Figure 2. 
Negative Metric PM R DA R DM R DP R TLH R TLH R BS R INFS R PM R TM R 
0300  Mean 0.8776 0.9325 0.8954 0.7215 0.7674 0.7418 0.8407 0.7625 0.7467 0.7616 
SD 0.0501 0.0241 0.0541 0.0800 0.0846 0.0553 0.0591 0.0643 0.0703 0.0774 
0130  Mean 0.9227 0.8204 0.7443 0.6666 0.7743 0.6946 0.6236 0.7545 0.8654 0.7857 
SD 0.0428 0.0850 0.0799 0.0881 0.0822 0.0829 0.0986 0.1181 0.0701 0.0926 
1200  Mean 0.8660 0.6437 0.6365 0.8152 0.7499 0.6804 0.6419 0.7155 0.8980 0.7563 
SD 0.0583 0.1147 0.1165 0.0873 0.0698 0.0831 0.1240 0.1124 0.0579 0.0828 
 
Table S9. Cross-correlation statistics for the single-arm clockwise passive steering. Related to 
Figure 2. 
Positive Metric PM R DA R DM R DP R TLH R TLH R BS R INFS R PM R TM R 
0300  Mean 0.2477 0.1646 0.3416 0.5770 0.6751 0.5483 0.2907 0.4197 0.5825 0.5584 
SD 0.0920 0.0516 0.1141 0.1078 0.1213 0.0608 0.1084 0.1171 0.0781 0.1412 
0130  Mean 0.2115 0.2140 0.3663 0.6915 0.6992 0.5004 0.3780 0.5091 0.5189 0.5848 
SD 0.1489 0.1601 0.1395 0.1511 0.1281 0.1073 0.1578 0.0855 0.0860 0.1468 
1200  Mean 0.2132 0.2414 0.5555 0.8295 0.7137 0.6102 0.6576 0.4821 0.4032 0.6766 
SD 0.2016 0.1845 0.1966 0.2005 0.1754 0.1585 0.1976 0.1558 0.1751 0.1690 
 
Table S10. Cross-correlation statistics for the single-arm counterclockwise passive steering. 
Related to Figure 2. 
Negative Metric PM R DA R DM R DP R TLH R TLH R BS R INFS R PM R TM R 
0300  Mean 0.8338 0.8854 0.8239 0.6459 0.5318 0.6536 0.8588 0.7283 0.6026 0.6882 
SD 0.0551 0.0423 0.0779 0.0898 0.1108 0.0602 0.0654 0.1154 0.0706 0.1304 
0130  Mean 0.8545 0.8318 0.7861 0.5181 0.5303 0.6965 0.7769 0.6609 0.6689 0.6462 
SD 0.1077 0.1055 0.1015 0.1571 0.1222 0.1001 0.1226 0.0707 0.0937 0.1427 
1200  Mean 0.8770 0.8105 0.6220 0.3456 0.5057 0.5967 0.5293 0.7068 0.7839 0.5407 
SD 0.1440 0.1464 0.1729 0.2172 0.1599 0.1456 0.2235 0.1370 0.1578 0.1627 
 
  
Amplitude analysis of neuromuscular signals 
Table S11. Statistics of the amplitudes of the EMG signals for the both-arm active steering. Related 
to Figure 3. 
Active Metric PM R DA R DP R TLH R TM R PM L DA L DP L TLH L TM L Sum 
0300 Mean 0.0508 0.0373 0.0059 0.0052 0.0075 0.0484 0.0387 0.0103 0.0053 0.0075 0.2171 
SD 0.0588 0.0501 0.0047 0.0044 0.0082 0.0571 0.0511 0.0116 0.0042 0.0115 0.2618 
1010  Mean 0.0457 0.0326 0.0056 0.0053 0.0085 0.0440 0.0370 0.0105 0.0054 0.0082 0.2027 
SD 0.0559 0.0431 0.0044 0.0046 0.0118 0.0532 0.0465 0.0123 0.0050 0.0114 0.2480 
1200 Mean 0.0478 0.0236 0.0067 0.0061 0.0110 0.0473 0.0345 0.0104 0.0057 0.0078 0.2008 
SD 0.0730 0.0320 0.0065 0.0055 0.0165 0.0639 0.0469 0.0123 0.0050 0.0094 0.2709 
 
Table S12. Statistics of the amplitudes of the EMG signals for the both-arm passive steering. Related 
to Figure 3. 
Passive Metric PM R DA R DP R TLH R TM R PM L DA L DP L TLH L TM L Sum 
0300 Mean 0.0197 0.0209 0.0054 0.0053 0.0056 0.0201 0.0219 0.0069 0.0054 0.0057 0.1170 
SD 0.0240 0.0273 0.0041 0.0043 0.0046 0.0240 0.0279 0.0066 0.0067 0.0060 0.1354 
1010  Mean 0.0182 0.0204 0.0053 0.0057 0.0060 0.0170 0.0216 0.0077 0.0057 0.0063 0.1140 
SD 0.0238 0.0266 0.0045 0.0051 0.0057 0.0209 0.0281 0.0079 0.0059 0.0072 0.1356 
1200 Mean 0.0311 0.0202 0.0064 0.0063 0.0057 0.0287 0.0125 0.0055 0.0050 0.0052 0.1266 
SD 0.0424 0.0244 0.0062 0.0056 0.0048 0.0320 0.0130 0.0047 0.0044 0.0055 0.1432 
 
Table S13. Statistics of the amplitudes of the EMG signals for the single-arm active steering. Related 
to Figure 3. 
Active Metric PM R DA R DM R DP R TLH R TLH R BS R INFS R PM R TM R Sum 
0300 Mean 0.0725 0.0517 0.0146 0.0068 0.0092 0.0095 0.0175 0.0215 0.0173 0.0159 0.2365 
SD 0.0893 0.0760 0.0196 0.0062 0.0118 0.0093 0.0211 0.0249 0.0236 0.0234 0.3052 
0130 Mean 0.0658 0.0414 0.0112 0.0066 0.0087 0.0084 0.0093 0.0141 0.0174 0.0135 0.1965 
SD 0.1000 0.0586 0.0136 0.0063 0.0104 0.0087 0.0098 0.0168 0.0247 0.0208 0.2697 
1200  Mean 0.0418 0.0191 0.0086 0.0109 0.0081 0.0069 0.0085 0.0079 0.0141 0.0160 0.1418 
SD 0.0640 0.0281 0.0103 0.0151 0.0087 0.0058 0.0082 0.0085 0.0221 0.0227 0.1933 
 
Table S14. Statistics of the amplitudes of the EMG signals for the single-arm passive steering. 
Related to Figure 3. 
Passive Metric PM R DA R DM R DP R TLH R TLH R BS R INFS R PM R TM R Sum 
0300 Mean 0.0260 0.0335 0.0105 0.0062  0.0060 0.0073 0.0135 0.0091 0.0066 0.0086 0.1273 
SD 0.0340 0.0469 0.0124 0.0053 0.0059 0.0064 0.0163 0.0101 0.0062 0.0090 0.1525 
0130 Mean 0.0340 0.0335 0.0129 0.0073 0.0069 0.0088 0.0116 0.0067 0.0070 0.0085 0.1373 
SD 0.0476 0.0473 0.0157 0.0082 0.0069 0.0087 0.0137 0.0062 0.0069 0.0090 0.1702 
1200  Mean 0.0315 0.0227 0.0110 0.0110 0.0074 0.0088 0.0101 0.0063 0.0088 0.0082 0.1258 
SD 0.0491 0.0327 0.0114 0.0152 0.0076 0.0081 0.0105 0.0065 0.0105 0.0077 0.1591 
 
Table S15. Statistics of the average amplitudes for the both-arm steering maneuver. Related to 
Figure 3. 
Both-Arm Mean SD 
Active 3 0.2171 0.0757 
Passive 3 0.1170 0.0341 
Active 10-10 0.2027 0.0695 
Passive 10-10 0.1140 0.0439 
Active 12 0.2008 0.0709 
Passive 12 0.1266 0.0359 
 
Table S16. Statistics of the average amplitudes for the single-arm steering maneuver. Related to 
Figure 3. 
Single-Arm Mean SD 
Active 3 0.2365 0.0869 
Passive 3 0.1274 0.0403 
Active 130 0.1965 0.0638 
Passive 130 0.1373 0.0645 
Active 12 0.1418 0.0441 
Passive 12 0.1258 0.0459 
 
Overall contribution analysis of neuromuscular signals 
 
Table S17. Overall muscle contribution statistics for both-arm active steering. Related to Figure 4. 
Active Metric PM R DA R DP R TLH R TM R PM L DA L DP L TLH L TM L 
0300 Mean 0.2230 0.2019 0.0233 0.0204 0.0327 0.2144 0.1929 0.0395 0.0206 0.0313 
SD 0.0707 0.0532 0.0083 0.0079 0.0111 0.0670 0.0593 0.0689 0.0068 0.0103 
1010  Mean 0.2261 0.1827 0.0229 0.0230 0.0408 0.2108 0.1897 0.0406 0.0233 0.0401 
SD 0.0791 0.0523 0.0073 0.0082 0.0166 0.0652 0.0578 0.0710 0.0078 0.0150 
1200 Mean 0.2551 0.1100 0.0304 0.0278 0.0561 0.2383 0.1748 0.0487 0.0253 0.0344 
SD 0.1015 0.0763 0.0156 0.0128 0.0377 0.0887 0.0831 0.0588 0.0104 0.0102 
 
Table S18. Overall muscle contribution statistics for both-arm passive steering. Related to Figure 
4.  
Passive Metric PM R DA R DP R TLH R TM R PM L DA L DP L TLH L TM L 
0300 Mean 0.1608 0.1892 0.0453 0.0454 0.0480 0.1688 0.1925 0.0568 0.0446 0.0486 
SD 0.0800 0.0639 0.0156 0.0225 0.0167 0.0608 0.0689 0.0536 0.0160 0.0169 
1010  Mean 0.1465 0.1798 0.0489 0.0523 0.0584 0.1391 0.1963 0.0679 0.0521 0.0589 
SD 0.0735 0.0553 0.0228 0.0253 0.0330 0.0607 0.0652 0.0626 0.0260 0.0266 
1200 Mean 0.2580 0.1610 0.0534 0.0495 0.0437 0.2174 0.0940 0.0437 0.0389 0.0404 
SD 0.1083 0.0688 0.0228 0.0174 0.0141 0.0850 0.0699 0.0156 0.0141 0.0124 
 
Table S19. Overall muscle contribution statistics for single-arm active steering. Related to Figure 
4.  
Active Metric PM R DA R DM R DP R TLH R TLH R BS R INFS R PM R TM R 
0300 Mean 0.3005 0.2346 0.0630 0.0272 0.0412 0.0375 0.0738 0.0844 0.0705 0.0674 
SD 0.0834 0.0461 0.0244 0.0096 0.0217 0.0122 0.0341 0.0300 0.0260 0.0348 
0130  Mean 0.3479 0.2092 0.0520 0.0297 0.0472 0.0375 0.0379 0.0743 0.0919 0.0724 
SD 0.0889 0.0490 0.0267 0.0094 0.0200 0.0110 0.0110 0.0470 0.0293 0.0271 
1200 Mean 0.3052 0.1119 0.0503 0.0865 0.0605 0.0460 0.0498 0.0565 0.1149 0.1184 
SD 0.0899 0.0402 0.0288 0.0326 0.0241 0.0136 0.0169 0.0280 0.0342 0.0406 
 
Table S20. Overall muscle contribution statistics for single-arm passive steering. Related to Figure 
4.  
Passive Metric PM R DA R DM R DP R TLH R TLH R BS R INFS R PM R TM R 
0300 Mean 0.2009 0.2886 0.0805 0.0451 0.0446 0.0506 0.1148 0.0654 0.0455 0.0640 
SD 0.0815 0.0580 0.0297 0.0136 0.0185 0.0214 0.0555 0.0241 0.0130 0.0147 
0130  Mean 0.2602 0.2548 0.0869 0.0496 0.0507 0.0636 0.0834 0.0442 0.0479 0.0586 
SD 0.0780 0.0490 0.0297 0.0152 0.0224 0.0374 0.0361 0.0182 0.0150 0.0160 
1200 Mean 0.2942 0.1910 0.0711 0.0892 0.0543 0.0599 0.0659 0.0479 0.0695 0.0569 
SD 0.0792 0.0499 0.0207 0.0379 0.0211 0.0242 0.0125 0.0195 0.0236 0.0113 
 
Time delays analysis 
Table S21. Time delays statistics for the both-arm active steering [ms]. Related to Figure 5. 
Active Metric PM R DA R DP R TLH R TM R PM L DA L DP L TLH L TM L 
0300 Mean -209 -335 -196 -131 40 -213 -334 -205 -120 -164 
SD 104 97 252 330 366 111 96 191 151 184 
1010  Mean -202 -412 217 2 -168 -234 -395 -208 -145 -129 
SD 128 95 432 294 81 108 87 207 230 232 
1200 Mean -284 -424 -412 -31 -147 -224 -174 -364 -119 -69 
SD 146 221 171 281 171 137 176 131 106 183 
  
Table S22. Time delays statistics for the both-arm passive steering [ms]. Related to Figure 5. 
Passive Metric PM R DA R DP R TLH R TM R PM L DA L DP L TLH L TM L 
0300 Mean -232 -207 2 -43 1 -227 -281 -110 -45 7 
SD 354 319 414 413 391 347 262 378 420 320 
1010  Mean -101 -257 -28 26 -164 -65 -327 -73 191 -66 
SD 419 331 450 432 345 423 338 353 403 407 
1200 Mean -12 15 -88 49 -71 -156 62 -76 -108 54 
SD 410 457 370 435 404 380 429 372 432 381 
 
Table S23. Time delays statistics for the single-arm active steering [ms]. Related to Figure 5. 
Active Metric PM R DA R DM R DP R TLH R TLH R BS R INFS R PM R TM R 
0300 Mean -129 -225 -159 -199 -71 -54 -267 -230 43 -38 
SD 77 91 104 126 72 185 126 205 76 145 
0130  Mean -156 -419 -396 -46 -38 -168 -397 -210 -57 -55 
SD 92 85 129 386 154 228 230 252 80 146 
1200 Mean -350 -470 203 473 144 162 403 -306 -189 48 
SD 158 121 406 118 351 373 190 185 87 246 
 
Table S24. Time delays statistics for the single-arm passive steering [ms]. Related to Figure 5. 
Passive Metric PM R DA R DM R DP R TLH R TLH R BS R INFS R PM R TM R 
0300 Mean -5 -371 185 167 77 185 49 342 246 180 
SD 386 177 316 324 295 411 312 300 309 283 
0130  Mean -182 -252 -6 -73 14 -113 35 66 162 88 
SD 345 344 343 235 358 354 350 302 298 343 
1200 Mean -115 -86 -240 -93 88 -5 -63 -39 -94 -95 
SD 344 400 348 285 286 300 325 381 339 282 
 
Smoothness analysis of the steering performance 
Table S25. Statistics of the regularity with SSD for the single-arm active steering. Related to Figure 
6. 
Active Mean STD 
0300 0.0217 0.0027 
0130 0.0215 0.0027 
1200  0.0224 0.0027 
 
Table S26. Statistics of the regularity with SSD for the both-arm active steering. Related to Figure 6. 
Active Mean STD 
0300  0.0210 0.0035 
1010 0.0213 0.0026 
1200 0.0211 0.0027 
 
Table S27. Statistics of the regularity with SSD for the single-arm passive steering. Related to Figure 
6. 
Passive Mean STD 
0300 0.0047 0.0007 
0130 0.0046 0.0007 
1200  0.0065 0.0028 
 
Table S28. Statistics of the regularity with SSD for the both-arm passive steering. Related to Figure 
6. 
Passive Mean STD 
0300  0.0042 0.0009 
1010 0.0040 0.0005 
1200 0.0043 0.0007 
  
Table S29. Statistics of the regularity with Approximate Entropy for single-arm active steering. 
Related to Figure 6. 
Active Mean STD 
0300 0.0086 0.0017 
0130 0.0084 0.0015 
1200  0.0090 0.0016 
 
Table S30. Statistics of the regularity with Approximate Entropy for both-arm active steering. 
Related to Figure 6. 
Active Mean STD 
0300  0.0087 0.0012 
1010 0.0086 0.0009 
1200 0.0090 0.0011 
 
Table S31. Statistics of the regularity with Approximate Entropy for single-arm passive steering 
Related to Figure 6. 
Passive Mean STD 
0300 0.0029 0.0004 
0130 0.0030 0.0006 
1200  0.0053 0.0046 
 
Table S32. Statistics of the regularity with Approximate Entropy for both-arm passive steering. 
Related to Figure 6. 
Passive Mean STD 
0300  0.0018 0.0004 
1010 0.0018 0.0003 
1200 0.0019 0.0002 
 
  
Supplemental Information  
Transparent Methods 
Experiment Design 
A human-in-the-loop driving simulator, as shown in Figure 1, was used as a test rig for a range of steering 
experiments. The test subjects were required to sit on the driver’s seat of the driving simulator, which 
included a driver’s cab for a passenger vehicle with a steering system. The reaction torque actuator that 
was equipped in the simulator could generate steering torque based on the calculation results of the vehicle 
model in its controller. The basic posture of a test subject is shown in Figure S1. The seat and the steering 
wheel were adjusted to ensure that the upper limb was slightly bent at the elbow (approximately 110 
between the forearm and upper arm). The line along the steering axis was approximately parallel to the line 
through the shoulder and wrist joints when the right arm was held at the 3 o’clock position and when the 
left arm was held at the 9 o’clock position. The basic posture of the test subject was approximately the 
same in the driving environment, and the basic posture was easy to maneuver in the experiment. Two 
steering tasks were designed, as shown in the subplots (g) and (f) in Figure 1, including Task A, a steering 
test with a single arm, i.e., the right arm, and Task B, a steering test with the both-arm arrangement. The 
detailed experiment description and the setup are introduced below. The neuromuscular dynamics were 
measured by EMG signals in mV, and the steering activities were measured by driver’s steering torque in 
N·m and steering angle in degree, respectively. Detailed specifications of the measured signals can be 
found in Table S1 and Table S2. 
1) Task A: Steering test with a single-arm arrangement 
The purpose of Task A was to study the relationship between the EMG signals of the single arm (i.e., the 
right arm) and the steering torque applied to the hand wheel during naturalistic driving. Two testing 
scenarios, namely the passive steering and active steering, were designed. The active steering is the major 
and most common driver-vehicle-interaction manner for conventional and low-level automated driving 
vehicles. The neuromuscular dynamics of the driving during active steering reflect how drivers use their 
upper limb muscles to control the steering wheel and steadily control the vehicle. While, the passive steering 
reflects how driver response to the external disturbance torque, which can be generated by the road 
situation, vehicle vibration or the driver assistance system. It can also reflect how driver’s intent differs from 
the automation’s decision in automated vehicles. Therefore, it is also needed to analyze the driver passive 
steering maneuver to better understand the driver-automation interactions.  
Passive steering with a single arm: The passive steering task was set to mimic the steering maneuver, 
which restrained the steering angle movement against the external disturbance torque for lane keeping or 
vehicle stabilization in naturalistic driving. In the experiment, the subject was asked to keep the steering 
wheel at the neutral position using a single arm, i.e., the right arm, when the external disturbance torque 
was given by the driving simulator. The external disturbance torque was given by a triangle wave with a 
constant frequency of 0.025 Hz and an amplitude of 5 Nm, as shown in Figure 1g. The amplitude value 
was selected with reference to the steering torque value in the normal driving of a vehicle equipped with a 
power steering system. The frequency value was chosen in a semi-static level in order to research the 
preliminary activities of a muscle.  
Active steering with a single arm: The active steering task was set to mimic the steering maneuver for 
entering a corner and returning from a corner to straight line driving in naturalistic driving. In this experiment, 
the subject was asked to hold the steering wheel fixed with the required hand posture in the beginning, and 
then start to steer the hand wheel with the required angular position using their right arm. The required 
angular position was a sinusoidal angle input with a constant frequency of 0.25 Hz and an approximate 
amplitude of 60, as shown in Figure 1f. 
2) Task B: Steering test with both-arm arrangement 
The purpose of Task B was to study the relation between the EMG signals of both arms and the steering 
torque applied to the hand wheel during naturalistic driving. The passive steering and the active steering 
that were used in the single-arm driving test were also adopted. 
Passive steering with both-arm: In this experiment, the subject was asked to keep the steering wheel at 
the neutral position using two arms when the external disturbance torque was given by the driving simulator. 
The external disturbance torque was given by a triangle wave with a constant frequency of 0.025 Hz and 
an amplitude of 5 Nm, as shown in Figure 1g. The amplitude value was selected with reference to the 
steering torque value in the normal driving of a vehicle equipped with a power steering system. The 
frequency value was chosen at a semi-static level in order to research the preliminary activities of the 
muscles. 
Active steering with both-arm: In this experiment, the subject was asked to hold the steering wheel fixed 
with the requiring hand posture in the beginning, and then start to steer the hand wheel with the required 
angular position using both arms. The required angular position was a sinusoidal angle input with a constant 
frequency of 0.025 Hz and an amplitude of 60, as shown in Figure 1f. 
3) Hand postures 
Both-arm with three hand positions: In this scenario, the driver used the steering wheel with both arms. 
There were three gripping positions on the steering wheel, which were the 3 o’clock, 10:10 and 12 o’clock 
positions. The 3 o’clock position as well as the 12 o’clock position indicated that the test subjects were 
required to grasp the steering wheel at the locations of the above times using two hands. For the 10:10 
position, the left and right hands of the subject were placed at the locations of the hour and ten past the 
hour on a clock, respectively. A schematic diagram of the above hand positions is illustrated in Figure 1c 
(1)-(3). Each test subject completed both the active and passive steering tasks for all six hand positions. 
Single-arm only with three hand positions: In this scenario, the driver operated the steering wheel using 
the right arm only, and the left hand is held away from the steering wheel. The three gripping positions were 
the 3 o’clock position, 12 o’clock position, and 1:30 o’clock position, which correspond to Figure 1c (4), (5), 
and (6), respectively. The test subjects were required to grasp the steering wheel at the locations of the 
hour hand, which pointed to the above-mentioned times, in order to complete the driving tasks. 
4) Muscle selection and EMG signal measurement 
In order to measure a muscle electromyography (EMG) signal (Lv et al., 2018) that could reflect the muscle 
behavior during a steering maneuver, it was necessary to determine the key muscles that were involved in 
the steering maneuver to generate steering torque. The study in (Liu et al., 2017) has indicated some key 
muscles for this, including the anterior deltoid, pectoralis clavicular, pectoralis sternal, posterior deltoid, 
middle deltoid, and triceps long head. It has also been indicated that the muscles of the shoulder are likely 
to be important for generating steering torque. These results were used here. Furthermore, not only the 
extension and flexion of the upper arm that were around the shoulder joint but also abduction, adduction, 
supination, and pronation were included based on kinesiology. Thus, addition to the muscles described 
above, the biceps, teres major, and infraspinatus were measured in this experiment. In the single-arm 
steering scenarios, ten different neuromuscular signals, denoted as MS1-MS10, were measured from the 
right upper limb. These ten signals were the pectoralis major of the clavicular portion, the deltoid anterior, 
the deltoid middle (lateral), the deltoid posterior, the triceps long head, the triceps lateral head exterior, the 
biceps, the infraspinatus, the pectoralis major, and the teres major. For the steering experiments with the 
both-arm arrangement, ten EMG signals, denoted as MB1-MB10, were detected from both the right and 
left upper limbs. These signals were the pectoralis major of clavicular portion, the deltoid anterior, the deltoid 
posterior, the triceps long head, and the teres major of the right arm and the left arm. The electrode 
placements for the EMG measurement are shown in Figure 1d.  
Participants 
In total, 42 subjects in the age range of 22-50 (31±7) years were recruited for the experiments. Each subject 
had a valid driving license. All of the subjects had no previous knowledge of the research topic. Among 
these participants, 20 were randomly assigned to conduct the single-arm experiments, and the rest of the 
22 participants were engaged in the both-arm steering experiments. The study protocol and consent form 
were approved by the JTEKT Corporation, Japan, and consent was obtained from all subjects. 
 
Correlation Analysis 
The cross-correlation analysis was used to measure the correlation between the ten measured 
neuromuscular signals and the applied steering torque during normal driving. The best match between the 
two signals could also be determined using cross-correlation. In this study, three levels of the correlation 
strength, namely, the strong correlation, moderate correlation, and weak correlation, were defined. 
Additionally, all the correlation statistics were bounded within the range of 0-1. The value of the correlation 
between 0.75 and 1 indicated a strong correlation. The value of the correlation between 0.3 and 0.75 
indicated a moderate correlation, and the correlation value that was positioned between 0.3 and 0 indicated 
a weak correlation. The cross-correlations for some muscles were direction-dependent, which meant that 
the correlations between some neuromuscular signals and the steering torque were sensitive to the steering 
directions (the clockwise and counterclockwise directions). Therefore, the cross-correlations were 
calculated separately. A moving average filter with a span of five data points was applied in order to smooth 
the EMG signals before calculating the cross-correlation. The cross-correlation was calculated with the 
MATLAB function in the statistical analysis toolbox. The correlation and the time delays of the two time-
series signals could then be determined accordingly. To initiate the cross-correlation function, the maximum 
lag was selected as 3000, and the cross-correlation sequence was normalized.   
Amplitude Analysis  
This section describes the analysis of the amplitudes of the EMG signals for the ten different muscles. The 
amplitudes of the EMG signals reflected the signal strengths and to what extent the specific muscles 
influenced and determined the steering maneuvers. Due to the co-contraction mechanism, it was essential 
to analyze the muscle activation patterns under different driving scenarios with distinguished hand postures 
according to the amplitude of the EMG signals. Hence, the amplitudes of the EMG signals were analyzed 
based on two aspects, which were directional-oriented and non-directional oriented. Lastly, an integrated 
weighted muscle contribution analysis was proposed based on the joint consideration of the correlation and 
directional-oriented amplitudes. 
1) Directional-Oriented and Non-Directional-Oriented Amplitude Analysis 
The aim of the directional-oriented amplitude analysis was to provide a clear visualization of the different 
patterns of the EMG signals in different steering directions (i.e., the clockwise and counterclockwise 
directions). Three different analysis approaches were adopted using muscle strength features. First, the 
muscle strengths were statistically analyzed with respect to different hand postures. The strength of each 
EMG signal was statistically analyzed with a boxplot and bar chart. The muscle strengths for different 
participants were identified separately based on the steering direction. Then the statistical visualization, 
including the median and SD of the directional-oriented muscle amplitude, could be described with the 
boxplots. Second, the total muscle strength for the single-arm and both-arm steering scenarios was 
compared. For each participant, the total muscle strength was the summation of the amplitudes of all ten 
measured muscles with consideration of the directions. Then the mean value of the total muscle strengths 
for each driving mode for all participants was compared with respect to different hand positions. Third, the 
mean value of the muscle strength for each muscle was also compared with respect to different steering 
modes in order to understand the different patterns of the muscle amplitudes for different driving scenarios. 
A similar analysis process was proposed for the non-directional oriented analysis. For the no-direction-
oriented cases, the absolute value of the steering torque without consideration of the steering direction was 
used. The non-direction-oriented amplitude analysis was the summation of the amplitudes of the measured 
muscles without consideration of the directions. The analysis generated a direct visualization of the different 
distributions of the muscle strengths with respect to the different driving modes and muscles.  
2) Weighted Muscle Contribution Analysis 
A weighted muscle contribution analysis was proposed based on the integration of the correlation and the 
amplitude of each EMG signal, for which the correlation was used as the weight of the amplitude. The 
purpose of setting this weighted muscle contribution index was to identify the most relevant muscles while 
eliminating the less important muscles used in the steering tasks. For example, although the teres major 
muscle showed a strong correlation based on the cross-correlation analysis, the absolute amplitude of its 
signal was very weak. This meant that the teres major muscle was not a determinative muscle. The 
weighted muscle contribution was calculated based on the direction-dependent correlation and amplitude 
of each EMG signal. Specifically, the correlation and amplitude of each EMG signal with respect to the 
counterclockwise and clockwise directions were multiplied separately at first, and then the contributed 
muscle importance was the summation of the generated products of both directions. The contributed energy 
Ei of each muscle could first be given with Eq. (1): 
𝐸 𝐶𝑜𝑟𝑟_𝑝𝑜𝑠 𝐴𝑚𝑝_𝑝𝑜𝑠 𝐶𝑜𝑟𝑟_𝑛𝑒𝑔 𝐴𝑚𝑝_𝑛𝑒𝑔 ,                                     (1) 
 
where 𝐸  is the contribution index of the ith muscle, and 𝐶𝑜𝑟𝑟_𝑝𝑜𝑠  and 𝐶𝑜𝑟𝑟_𝑛𝑒𝑔  are the correlation values 
of the ith muscle with respect to the positive steering torque (i.e. in clockwise direction) and the negative 
steering torque (i.e. in counterclockwise direction), respectively. 𝐴𝑚𝑝_𝑝𝑜𝑠  and 𝐴𝑚𝑝_𝑛𝑒𝑔  are their 
corresponding muscle amplitudes. The overall contribution of the certain muscle 𝐶𝑜𝑛𝑡  among all the 
measured muscles could then be represented as: 
𝐶𝑜𝑛𝑡
∑
                                                                              (2) 
 
Based on the proposed contribution assessment method, the most determinative muscles could be better 
identified and visualized as the importance, which represented a joint consideration of both the correlations 
and the absolute strengths of the EMG signals. 
 Steering Smoothness Analysis 
It was important to maintain smooth steering operation in our naturalistic driving in order to ensure the ride 
comfort and vehicle safety. In this study, the smoothness of each participant’s steering action was evaluated 
based on two different methods, namely, the approximate entropy method and the sliding window method.    
1) Approximate Entropy Method 
Because the participants were required to steer the hand wheel and to generate a steering torque according 
to the experimental requirements, the expected steering torque could be seen as a determinative and 
predictable sequence. Therefore, the regularity and the variation of the output torque could be used to 
evaluate the smoothness and the stability of the steering performance. The approximate entropy 
(ApproxEnt), which was an efficient solution for the regularity measurement of the non-linear time-series 
signals, was used (Pincus, 1991). A delayed reconstruction 𝑌 :  with the same length (𝑁 points) of the 
original steering torque sequence 𝑋 with a lag of 𝜏 was generated at first. Then the numbers of the points 
within the range at each sampling step  𝑁  could be determined as (Pincus, 1991) 
𝑁  ∑ 𝟏 ‖𝑌 𝑌 ‖ 𝑅. ,                                                           (3) 
where 𝟏 ∙  is the indicator function, and 𝑅 is the radius of the similarity.  
Then the approximate entropy of the sequence could be calculated as  
𝐴𝑝𝑝𝑟𝑜𝑥𝐸𝑛𝑡  𝛷  𝛷 ,                                                                  (4) 
where   
𝛷  𝑁 𝑚 1 ∑ log 𝑁 .                                                   (5) 
 
The smaller the value of the approximate entropy of a certain sequence, the more regular and stable the 
system is. The approximate entropy of each sequence was calculated with the MATLAB built-in function. 
The embedding dimension of the function was two, the reconstruction lag was one, and the radius of 
similarity was selected as 0.2 𝑣𝑎𝑟𝑖𝑎𝑛𝑐𝑒 𝑋 , where 𝑋 is the steering torque sequence.  
2) Sliding Window Method 
Another method that was adopted in order to measure the signal’s irregularity and smoothness was the 
sliding window approach. In this method, a sliding window was used to calculate the standard deviation of 
the sliding slice. Then the average STD of the signal over the entire time horizon was statistically analyzed 
based on the SD of these segments. To increase the computational efficiency, a non-overlapped sliding 
window method was used. The sliding window size in this study was selected as 100 data points, which 
was a 100 ms segment. The STD index (STDI) of the smoothness of the entire steering period could be 
represented by the mean STD of the whole sliding slices of each sequence: 
𝑆𝑇𝐷𝐼  ∑
∑  
                                                             (6) 
where 𝑁 is the total number of the sliding slices of the entire sequence, M is the selected window size for 
each slice, 𝑥  is the mth point within the segment, and 𝜇  is the mean value of the segment.  
The size of the sliding window was 100 points, which was small enough to smoothly evaluate the stability 
of each slice. It should be noted that a sliding window of a very large size could not efficiently measure the 
local smoothness of the steering torque, which could lead to a coarse statistical result. However, the size 
of the sliding window could not be too small because a single window could only provide a short period 
variation, and a fixed single window would be unable to measure the dynamic trends and significant 
variations among the signals.  
Statistical Methods 
The statistical analysis was performed in Matlab (R2019b, MathWorks) and Microsoft Excel. The statistical 
significance was determined using paired t tests at the α = 0.01 threshold level throughout the research. 
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